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investment	 in	readiness	for	marine	 life	 (which	favours	high	glucocorticoid	 levels,	
known	to	increase	telomere	attrition	in	other	vertebrate	species)	and	investment	in	
telomere	maintenance.	Survival	was	also	significantly	 influenced	by	the	seasonal	




eres	may	be	universally	 important	 for	 chromosome	protection,	 the	potential	 for	
telomere	dynamics	to	predict	performance	may	vary	across	taxa.
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1  | INTRODUCTION
Many	 species	 are	 migratory	 between	 different	 geographical	 areas	




vidual’s	 pre-	migratory	 body	 size	 and	 condition	 (Crossin	 et	al.,	 2004;	
Mitchell,	Guglielmo,	Wheelwright,	Freeman-	Gallant,	&	Norris,	2011;	
Owen	&	Black,	1989;	 Schmutz,	 1993;	Tinbergen	&	Boerlijst,	 1990).	
However,	 “body	condition”	can	be	hard	 to	define	and	will	vary	with	
migration	 distance	 and	 the	 likelihood	 of	 feeding	 en	 route	 (Piersma,	








partly	 because	 of	 the	 “end	 replication	 problem”,	 but	 also	 because	
of	 environmental	 stress	 exposure	 (Debes,	Visse,	 Panda,	 Ilmonen,	 &	





sence	 of	 restoration,	 telomeres	may	 eventually	 reduce	 to	 a	 “critical	
length”,	which	may	cause	cells	 to	enter	 a	 state	of	 replicative	 senes-
cence	(Aubert	&	Lansdorp,	2008;	Monaghan,	2014).
Partly	 because	 of	 the	 association	 with	 replicative	 senescence,	
a	 relatively	 short	 telomere	 length	 is	 indicative	of	 poor	 physiological	
state	(Monaghan,	2010).	Shorter	telomeres	have	been	linked	to	age-	































have	survived.	Atlantic	 salmon	Salmo salar	 fulfil	 these	 requirements.	
While	 the	 majority	 of	 the	 population	 undertakes	 an	 extensive	 ma-




with	 fisheries	management	 practices,	 in	which	 all	 returning	 fish	 are	
captured	in	the	river	prior	to	spawning.	Atlantic	salmon	display	signifi-
cant	within-	population	variation	in	life-	history	strategy,	which	is	linked	



















































nests.	The	 resulting	offspring	develop	naturally	 in	 the	 river	and	can	
then	pass	down	over	the	dams	when	undertaking	their	seaward	smolt	



























Surviving	 tagged	 smolts	 were	 expected	 to	 return	 to	 the	 River	
Blackwater	to	spawn	in	the	autumn	of	either	2014	or	2015.	On	their	
return	 they	were	 trapped	 in	a	permanent	 trap	 incorporated	 into	 the	





for	 the	majority	 of	 the	year.	Therefore,	Atlantic	 salmon	 returning	 to	
the	River	Blackwater	 during	 the	 summer	 and	 autumn	 congregate	 in	











For	 the	 telomere	 analysis,	 DNA	 was	 extracted	 from	 the	 fin	 tissue	
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(Qiagen),	 following	 the	 manufacturer’s	 protocol.	 Each	 set	 of	 DNA	




Telomere	 length	 was	 measured	 in	 all	 samples	 using	 quantita-
tive	 PCR	 (Cawthon,	 2002),	 and	 data	 were	 analysed	 using	 qBASE	













PCR	 plates.	 In	 addition	 to	 the	 samples,	 each	 plate	 also	 included	 a	
six-	fold	 serial	 dilution	 of	 a	 reference	 sample	 (1.25–40	ng/well)	 and	 
a	non-	target	control	(NTC).	The	DNA	for	the	reference	sample	was	a	
pool	of	24	samples	that	included	both	life	stages	(smolt	and	adult).	The	









for	 the	 telomere	 assay	was	 16.62	±	SD	 0.10	 (intra-	assay	 coefficient	
of	variability	in	telomere	Cqs	=	1.15).	The	average	Cq	for	the	GAPDH	









smolt migration,	 covariate),	whether	or	not	each	 individual	was	 re-
captured	as	an	adult	post-	migration	(migration survival,	binary),	the	
fresh	body	weight	of	smolts	at	capture	on	their	outward	migration	
(smolt weight,	 covariate),	 fresh	 body	weight	 of	 returning	 adults	 at	
	recapture	(adult weight,	covariate),	the	total	age	of	each	individual,	
as	 determined	 by	 scalimetry	 (total age,	 covariate),	 the	 number	 of	
years	that	each	individual	had	spent	in	fresh	water	prior	to	migration	
(FW age,	factor),	the	sex	of	each	returning	individual	(sex,	factor),	the	
smolt	and	adult	relative	telomere	lengths	(smolt RTL and adult RTL, 
respectively,	 covariates),	 the	 life	 stage	 at	which	 relative	 telomere	
length	was	measured	(i.e.	whether	at	the	smolt	or	adult	stage;	sub-






All	 statistical	 analyses	 were	 carried	 out	 using	 IBM	 SPSS	 22	
for	Windows.	Body	weight	 and	body	 length	were	 highly	 collinear	
at	 both	 smolt	 and	 adult	 stages	 (Pearson	 r	>	.96,	p	<	.001),	 and	 so	
only	body	weight	was	used	in	statistical	models.	Inclusion	of	smolt	
RTL	in	the	model	explaining	variation	in	RTL	change	ran	the	risk	of	
the	 statistical	 artefact	known	as	 regression	 to	 the	mean	 (Barnett,	
van	der	Pols,	&	Dobson,	2005;	Verhulst,	Aviv,	Benetos,	Berenson,	
&	Kark,	2013).	Thus,	while	raw	values	for	RTL	change	(adult	RTL–
smolt	RTL)	were	 significantly	negatively	 correlated	with	 those	 for	


























































change	was	 assessed	 in	 relation	 to	 sex,	 total	 age,	 adult	weight	 and	
timing	 of	 smolt	migration	 by	 general	 linear	models	 (GLM),	 fitted	 by	
least	squares.	Due	to	the	small	sample	size,	each	variable	was	initially	
tested	singly	in	order	to	select	variables	for	inclusion	in	the	final	model,	





Lastly,	 to	 test	 the	 hypothesis	 that	 smolt	 RTL	 is	 associated	with	














dependent	variable	 and	 return	 status	 as	 a	 fixed	 factor	 (returned	vs.	
non-	returned).	 There	 was	 no	 significant	 difference	 in	 smolt	 weight	
between	the	fish	that	returned	and	the	matched	sample	of	fish	that	
undertook	the	smolt	migration	over	the	same	time	period	but	failed	
to	 return	 (F1,67	=	0.221,	p	=	.640),	 indicating	 that	 our	matched	 sam-
ples	were	equivalent	 in	body	size	at	 the	 time	of	outward	migration.	








3.1 | Summary of characteristics of returning fish
Of	the	smolts	that	were	tagged	in	the	spring	of	2013,	21	were	recap-
tured	as	1SW	adults	at	the	Loch	na	Croic	salmon	trap	in	early	winter	
2014	 (16	males	and	 five	 females),	and	a	 further	 two	as	MSW	adult	
fish	in	the	next	year’s	spawning	migration	(one	male	and	one	female).	

















telomere	dynamics	 independently	of	 this	effect	of	 time	at	 sea,	only	
adult	fish	that	had	spent	1	year	at	sea	were	included	in	the	adult	RTL	
and	RTL	change	models,	thus	removing	the	two	individuals	that	had	
spent	multiple	 years	 at	 sea.	Total	 age	 (3–5	years),	 adult	weight	 and	
timing	 of	migration	were	 not	 significantly	 associated	with	 telomere	
dynamics	(either	adult	RTL	or	RTL	change).	However,	adult	telomere	
length	 and	 the	 rate	 of	 telomere	 change	 (between	 smolt	 stage	 and	
adult	stage)	both	significantly	differed	between	the	sexes	(Adult	RTL	
F1,17	=	11.78,	 p	=	.003;	 RTL	 change	 F1,17	=	4.85,	 p	=	.04).	Males	 had	
similar	telomere	lengths	to	females	at	the	smolt	stage	(Table	S1)	but	
experienced	a	relatively	greater	rate	of	telomere	loss	while	at	sea,	and	









smolt	 run	was	 associated	with	 reduced	migration	 survival	 (Figure	4).	






































Telomere	 length	 in	 the	 returning	adults	differed	significantly	be-
tween	 the	 sexes,	with	males	 undergoing	 a	 greater	 rate	 of	 telomere	
loss	 at	 sea	 than	 females,	 and	 having	 significantly	 shorter	 telomeres	
in	 adulthood.	 In	 birds,	 mammals	 and	 XY-	sex	 determined	 reptiles,	
adult	 life	 span	 tends	 to	 be	 lower	 in	 the	 heterogametic	 sex	 (Barrett	
&	Richardson,	2011;	Liker	&	Székely,	2005),	as	does	telomere	length	
(Barrett	&	Richardson,	2011).	In	salmon,	it	 is	males	that	are	the	het-
erogametic	 sex	 (Davidson,	 Huang,	 Fujiki,	 von	 Schalburg,	 &	 Koop,	
2009),	so	this	pattern	also	holds.
The	most	 surprising	 aspect	of	our	 study	 is	 that,	 contrary	 to	ex-
pectations,	 juvenile	salmon	with	 the	shortest	 telomeres	at	 the	start	
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In	 other	 taxa,	 a	 relatively	 short	 telomere	 length	 has	 been	 linked	 to	
reduced	survival,	both	in	the	laboratory	(Heidinger	et	al.,	2012;	Vera	
et	al.,	2012)	and	in	the	wild	(Barrett	et	al.,	2013;	Fairlie	et	al.,	2016;	
Olsson	 et	al.,	 2011;	Watson	 et	al.,	 2015).	 Angelier	 et	al.	 (2013)	 re-
ported	a	 correlation	between	 longer	pre-	migration	 telomeres	and	a	
greater	chance	of	migration	survival	in	American	redstarts	(S. ruticilla).	
However,	Bauch	et	al.	(2013)	and	Bauer	et	al.	(2016)	both	found	that	
individuals	 investing	 in	migration	 also	 had	 shorter	 telomeres	 at	 the	
end	of	migration,	perhaps	as	a	trade-	off	between	investment	in	migra-
tion	(and	associated	migration	success)	and	physiological	maintenance	
(and	associated	 telomere	dynamics).	 It	may	also	be	 the	 case	 in	 this	
study	that	we	are	witnessing	a	trade-	off,	with	a	greater	investment	in	
physiological	preparedness	for	life	at	sea	coming	at	an	increased	cost	
in	 terms	 of	 pre-	migratory	 telomere	 attrition.	The	 process	 of	 smolt-
ing	requires	many	metabolic	and	biochemical	changes	in	preparation	
for	 life	 at	 sea	 (Jonsson	&	Jonsson,	 2011).	 Smolt	 “physiological	 pre-
paredness”	 can	 be	 quantified	 by	measuring	 the	 abundance	 of	Na+-	
K+2Cl−	cotransporter	 (a	protein	associated	with	 ion	regulation)	and/
or	the	activity	of	the	associated	Na+-	K+2Cl−ATPase	enzyme,	both	of	
which	are	up-	regulated	 in	Atlantic	 salmon	smolts	prior	 to	sea	entry	
(Pelis	 &	 McCormick,	 2001;	 Stich,	 Zydlewski,	 &	 Zydlewski,	 2016).	
Moreover,	it	has	been	found	that	individuals	investing	more	in	phys-
iological	 preparedness	 immediately	 prior	 to	 migration	 (in	 terms	 of	
higher	K+2Cl−ATPase	activity)	subsequently	experience	reduced	mor-




2001)	 and	 therefore	 has	 positive	 effects	 on	 smolt	 development	
(Hoar,	1988).	However,	there	 is	also	mounting	evidence	of	an	asso-
ciation	 between	 glucocorticoids	 and	 telomere	 attrition	 (for	 review	
see	Haussmann	&	Marchetto,	2010),	and	so	a	greater	investment	in	











juvenile	 salmon	 telomere	 length	 and	 subsequent	migration	 survival.	
Reduced	 telomere	 length	 has	 been	 found	 to	 be	 associated	with	 al-
tered	behaviours,	such	as	elevated	impulsive	foraging	(Bateson,	Brilot,	
Gillespie,	 Monaghan,	 &	 Nettle,	 2015)	 and	 enhanced	 foraging	 and	
aggression	 (Adriaenssens,	 Pauliny,	 Blomqvist,	 &	 Johnsson,	 2016).	 It	
is	arguable	that	these	behaviours	require	a	greater	activity	 level	and	
a	higher	metabolic	 rate,	which	 in	 turn	may	 lead	to	greater	exposure	
to	oxidative	stress	and	telomere	attrition	 (Chan	&	Blackburn,	2004).	
Nonetheless,	 behaviours	 such	 as	 boldness	 and	 aggression	 are	 gen-




a	 trade-	off	between	 individual	 fitness	and	 telomere	dynamics:	 juve-
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mortality	 during	 downstream	migration	 (Thorstad	 et	al.,	 2012),	 and	
it	may	be	 that	 predators	 (such	 as	 pike	Esox lucius)	 take	 time	 to	 cue	
in	on	 the	arrival	of	 smolts,	 thus	giving	early	migrants	an	advantage.	





ceding	months,	 are	able	 to	 start	migrating	early	 in	 the	 spring,	while	
smaller,	less	successful	individuals	remain	on	their	feeding	territories	













life	 cycle.	The	mechanisms	underlying	 this	 relationship	 are	 currently	
unclear.	However,	we	have	shown	that	indicators	of	physiological	state,	
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